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3. Soot Optical Property Study

3.1 Introduction

Recent past studies of soot reaction processes in laminar premixed and nonpremixed

flames generally have used the intrusive technique of thermophoretic sampling and analysis by

transmission electron microscopy (TEM) to observe soot structure and obtain important

fundamental information about soot particle properties, such as soot primary particle diameters,

the rate of change of soot primary particle diameter as a function of time (or rate of soot surface

growth or oxidation), the amount of soot particle reactive surface area per unit volume, the

number of primary soot particles per unit volume, and the rate of formation of primary soot

particles (or the rate of soot primary particle nucleation) [14-16,42-44]. Given the soot volume

per unit volume of the flame (or the soot volume fraction), all these properties are readily found

from a measurement of the soot primary particle diameter (which usually is nearly a constant for

each location within a laminar flame) [14]. This approach is not possible within freely-

propagating flames, however, because soot properties at given positions in such flames vary

relatively rapidly as a function of time in the soot formation and oxidation regions compared to

the relatively lengthy sampling times needed to accumulate adequate soot samples and to

minimize effects of soot collected on the sampling grid as it moves to and from the sampling

position through other portions of the flame. Thus, nonintrusive optical methods must be used to

find the soot primary particle diameters needed to define the soot surface reaction properties

mentioned earlier. Unfortunately, approximate nonintrusive methods used during early studies

of soot reaction properties in flames, found from laser scattering and absorption measurements

analyzed assuming either Rayleigh scattering or Mie scattering from polydisperse effective soot

particles having the same mass of soot as individual soot aggregates, have not been found to be

an effective way to estimate the soot surface reaction area per unit volume [45]. Thus,

alternative nonintrusive optical methods of finding these properties must be sought, which was

the objective of this phase of the investigation. The alternative method used here involves use of

the Rayleigh-Debye-Gans-Polydisperse-Fractal-Aggregate (RDG-PFA) scattering approximation

for soot aggregates in flames. Thus, the development of this method will be discussed next

before describing its evaluation as a means of nonintrusively measuring soot primary particle

diameters in soot-containing flames.

Past studies have made significant progress toward resolving the extinction and scattering

properties of soot, see Charalampopoulos [46], Faeth and Koylu [47], Julien and Botet [48], Tien

and Lee [49], and Viskanta and Mengiic [50]. This work has shown that soot consists of nearly

monodisperse spherical primary particles collected into mass fractal aggregates, that primary

soot particle diameters and the number of primary particles per aggregate vary widely whereas

soot fractal properties are relatively universal, that soot optical properties can be approximated
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by Rayleigh-Debye-Gans(RDG) scatteringfrom polydispersemassfractal aggregates(called
RDG-PFA theory)at visible wavelengthsandthat accurateestimatesof sootoptical properties
aremainly limited by uncertaintiesaboutsootrefractiveindexproperties. Earlier work in this
laboratorydueto Krishnanet al. [51] soughtto improveunderstandingof sootrefractive index
propertiesin thevisible by completingin situ measurements of soot coefficients and interpreting

these results using RDG-PFA theory. The objective of the present investigation was to extend

this research, concentrating on additional measurements and analysis of soot extinction and

scattering properties in the near ultraviolet, visible and infrared wavelength ranges (wavelengths

of 250-5200 nm), in an effort to establish a nonintrusive way to measure soot primary particle

diameters.

Earlier studies of soot extinction and scattering properties are reviewed by Wu et al. [52];

therefore, the following discussion will be limited to the findings of the companion study of

Krishnan et al. [51]. Krishnan et al. [51] carried out in situ measurements of the optical

properties of soot at wavelengths of 351.2-800.0 nm, considering soot in the overfire region of

large buoyant turbulent diffusion flames burning in still air at standard temperature and pressure

and at long characteristic flame residence times where soot properties are independent of

position and characteristic flame residence time for a particular fuel [53], considering soot in

flames fueled with a variety of gaseous and liquid hydrocarbons (acetylene, ethylene, propylene,

butadiene, benzene, cyclohexane, toluene and n-heptane). Extinction and scattering were

interpreted to find soot optical properties using RDG-PFA theory after establishing that this

theory was effective over the test range. Effects of fuel type on soot optical properties were

comparable to experimental uncertainties. Dimensionless extinction coefficients were relatively

independent of wavelength for wavelengths of 400-800 nm and yielded a mean value of 8.4 in

good agreement with earlier measurements of Dobbins et al. [54], Choi et al. [55], Mulholland

and Choi [56] and Zhou et al. [57] who considered similar overfire soot populations.

Measurements of the refractive index function for absorption, E(m), were in good agreement

with earlier ex situ reflectrometry measurements of Dalzell and Sarofim [58] and Stagg and

Charalampopoulos [59]. On the other hand, measured values of the refractive index function for

scattering, F(m), only agreed with these earlier measurements for wavelengths of 400-550 nm

but otherwise increased with increasing wavelength more rapidly than the rest. These

measurements also showed that refractive index function increased rapidly with increasing

wavelength in the visible, yielding large levels of scattering as the infrared wavelength range was

approached. This behavior raises concerns about approximation of modest refractive index

values in the infrared that are required by RDG-PFA theory [54,60,61]; as well as concerns about

the common assumption that scattering from soot in the infrared can be neglected when

estimating flame radiation properties [49,50]. Finally, these results showed that soot refractive

index properties do not approach the resonance condition in the near ultraviolet that is observed

for graphite, see Chang and Charalampopoulos [62]; instead, refractive indices declined
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continuouslywith decreasingwavelengthasthenearultraviolet was approached,similar to the
findingsof Vagliecoet al. [63] for amorphouscarbonandsoot.

Thepresentstudysoughtto extendthemeasurementsof Krishnanet al. [51] into boththe
infrared andthe nearultraviolet to help resolveconcernsabout soot optical propertiesin these
spectralregions.Otherissuesthat wereconsideredincluded evaluatingscatteringpredictionsin
thevisible andinfraredbasedonRDG-PFAtheory,developinginformation aboutdepolarization
ratios in the visible that is neededto properly closescatteringpredictions basedon RDG-PFA
theory,andexploitingRDG-PFAtheoryto evaluatevariation of sootrefractive indexproperties
with full typeandwavelength.Thefollowing descriptionof thestudy is brief; moredetailscan
befound in Krishnanetal. [64].

3.2 Experimental Methods

The experimental arrangement was the same as Krishnan et al. [51]. A sketch of the

apparatus appears in Fig. 10. The apparatus consisted of either a water-cooled gas-fueled burner

having a diameter of 50 mm, or uncooled liquid-fueled burners having diameters of 51 and 102

mm, all injecting fuel gases vertically upward. The burners were located within an enclosure

having a hood with a 152 mm diameter vertical exhaust duct at the top. Measurements were

made at the exit of the exhaust duct where flow properties were nearly uniform. All operating

conditions involved buoyant turbulent diffusion flames in still air within the long residence time

regime where soot in the fuel-lean (overfire) region is independent of position and characteristic

flame residence time [53].

Many of the properties of the present overfire soot were available from earlier

measurements by [51-53,65-67], as follows: density, composition, volume fractions

(gravimetrically), primary particle diameters, aggregate size properties (N,Ng,ag), aggregate

fractal dimensions, scattering and extinction properties in the visible, and refractive index

properties in the visible. Present measurements emphasized extinction within the wavelength

range of 250-5200 nm. The wavelengths that were considered and the light sources that were

used are as follows: 351.2, 457.9, 488.0 and 514.5 nm using an argon-ion laser (4W, Coherent

Innova 90-4); 632.8 nm using a He-Ne laser (28 mW, Jodon HN10G1R); 248.0, 303.0, 405.0,

4360, 546.0 and 578.0 nm using a mercury lamp (100W, Oriel 6281); 600.0, 800.0, 1100.0,

1550.0 and 2017.0 nm using a Quartz-Tungsten Halogen (QTH) lamp (100W, Oriel 6333); and

3980.0 and 5205.0 nm using an IR emitter source (Oriel 6363). Two detectors were used, as

follows: 351.2-800.0 nm using a silicon detector (Newport 818-UV), and 248.0-303.0 nm and

1100.0-5205.0 nm using a pyrodetector (Oriel 70128). Interference filters having 10 nm

bandwidths were used for wavelengths up to 1550.0 nm; interference filters having bandwidths

of 90-160 nm were used for wavelengths larger than 1500.0 nm. The optical arrangement was
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designed following Manickavasagam and Mengtic [68] to reduce contributions from forward

scattering to extinction measurements to less than 1 percent. Calcium fluoride lenses were used

for spatial filtering and collimating the incident light due to the large range of wavelengths

considered. The light was modulated by a chopper (SR 540) before passing through the soot-

containing exhaust flow. The output of the detector was passed through lock-in amplifiers prior

to sampling and storage using a laboratory computer. Sampling was done at 2 kHz for a time

period of 60s, averaging results for three sampling periods at each wavelength. Experimental

uncertainties (95% confidence) of the extinction measurements are estimated to be less than 5%.

Experimental uncertainties of the other measurements will be presented when they are discussed.

The test conditions were the same as Krishnan et al. [51]. A brief summary of the fuels

considered, and the corresponding structure properties of the overfire soot, is presented in Table

2. This range of fuels provides evaluation of soot optical properties for H/C atomic ratios of

1.00-2.28.

The test conditions were the same as Krishnan et al. (2000). A brief summary of the fuels

considered, and the corresponding structure properties of the overfire soot, is presented in Table

1. This range of fuels provides evaluation of soot optical properties for H/C atomic ratios of

i .00-2.28.

3.3 Theoretical Methods

Analysis of the extinction and scattering measurements to find soot optical properties was

based on RDG-PFA theory. Portions of this theory used during the present investigation are

briefly summarized in the following, see Julien and Botet [48], Dobbins and Megaridis [60],

Koylu and Faeth [65] and references cited therein for more details.

The main assumptions of RDG-PFA theory are as follows: individual primary particles

are Rayleigh scattering objects, aggregates satisfy the RDG scattering approximations, primary

particles are spherical and have constant diameters, primary particles just touch one another, the

number of primary particles per aggregate satisfies a log-normal probability distribution

function, and aggregates are mass fractal objects that satisfy the following relationship (Julien

and Botet, [48]:

N = kf(Rg/dp) Df (6)

These approximations have proven to be satisfactory during past evaluations of RDG-PFA

theory for a variety of conditions, including soot populations similar to the present study, see
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Krishnan[51], Wu et al. [52] andKoylu andFaeth[65,66,69];nevertheless,the theorywasstill
evaluatedduring the presentinvestigationbefore applyingit to find sootoptical andscattering
properties.

The following formulationwill bein termsof volumetricopticalcrosssections;thesecan
beconvertedto opticalcrosssections,asfollows:

--a a °

Cj = NQj/np, j=vv,hh,s,a,e (7)

The volumetric extinction cross section is simply the sum of the volumetric absorption and total

scattering cross sections,
--a --a _a
Qe = Qa + Qs =(l+0sa)_a (8)

where the last expression introduces the total scattering/absorption cross section ratio:

0s. = Qa / Qa" (9)

Based on RDG-PFA theory, Ps. can be computed given the structure and refractive index

properties of the soot population, when effects of depolarization are small, as follows:

9sa = 2x3F(m) N2g/(3E(m)N) (10)

The specific expression for the aggregate total scattering factor, g(kRg,Df), and the method of

computing N2g from known aggregate structure properties, are described by Koylu and Faeth

[65].

In order to complete predictions of soot extinction and scattering properties using RDG-

PFA theory, measurements of soot volume fractions (gravimetrically) and primary particle

diameters (by thermophoretic sampling and transmission electron microscopy, TEM) were used

to compute primary particle density, as follows:

np = 6fv/(rtd3p) (11)

Present extinction and scattering measurements in the visible yield -aQe and Qadirectly, so that

--a
Qa can be found from Eq. (8) and Psa from Eq. (9). Then the refractive index functions can be

computed from the RDG-PFA formulation, as follows:
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E(m) = kQa2-a/(4xx3np) (12)

= --a )/(kfx_np) (13)F(m) kZ(qdp) Df Qvv(qdp

where qdp must be large enough so that scattering is in the large-angle (power-law) regime where

Eq. (13) is appropriate. This last requirement was readily satisfied because power-law scattering

dominated the scattering properties of the present large soot aggregates, see Wu et al. [52]. The

fractal properties needed to apply Eq. (13) also were known for the present soot populations, see

Table 2. Finally, combining Eqs. (11) and (12) yields a useful expression for --aQa, as follows:

Table 2. Summary of soot structure properties a

Fuel dp (nm) N Ng 13g Df(_D) b

Gas-fueled flames:

Acetylene 47 417 214 3.3 1.79 (0.01)

Butadiene 42 ° ......... 1.79 (0.03)

Propylene 41 460 227 3.0 1.79 (0.02)

Ethylene 32 467 290 2.7 1.80 (0.01)

Liquid-fueled flames:

Toluene 51 526 252 3.2 1.79 (0.07)

Benzene 50 552 261 3.5 1.77 (0.05)

Cyclohexane 37 c ......... 1.80 (0.06)

n-Heptane 35 260 173 2.4 1.79 (0.06)

aSoot in the overfire region of buoyant turbulent diffusion flames burning in still air in the long

residence time regime with ambient pressures and temperatures of 99 _+ 0.5 kPa and 298 _+ 3 K,

respectively. Soot density of 1880 kg/m 3 from Wu et al. [52]; kf = 8.5 with a standard deviation

of 0.5 from Koylu et al. [67]. Values of de, N, ng and c_gfrom Koylu and Faeth [53] and Koylu

and Faeth [65] except when noted otherwise. The list is in order of progressively decreasing

primary particle diameter for gas- and liquid-fueled flames, respectively.
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Qa = 6;zE(m)f V/X (14)

_a

Large soot aggregates exhibit effects of depolarization which influence Quu and thus

estimates of Q_ and Psa" Unfortunately, effects of depolarization cannot be predicted using

RDG-PFA theory and must be handled empirically instead. This was done as suggested by

Koylu and Faeth [65] by defining a depolarization ratio, Or, and using it analogous to Rayleigh

scattering theory, see Rudder and Bach [70]. Thus, values of Q_ (0) were found, as follows:

: (15)

It follows immediately from Eq. (15) that [65]

--a o --a o
p,, = q_(90)/qvv(90) (16)

so that Pv could be obtained directly from present measurements in the visible.

The formulation of Eqs. (6)-(16) was used in several ways during the present

investigation. First of all, normalized parameters, e.g., Q_v(0)/Qav(90*) and Q_(0)/Qa_(90*),

yield scattering patterns that are independent of refractive index properties from Eqs. (12)-(16)

and can be used to evaluate RDG-PFA predictions and find values of p_ from the measurements.

In addition, all quantities on the right hand sides of Eqs. (12) and (13) were known in the visible

so that these equations could be used to find E(m) and F(m) in the visible as discussed by

Krishnan et al. [51]. Effects of depolarization on predictions of total scattering cross sections

were small so that Eq. (10) could be used to predict Psa in the visible, given values of E(m) and

F(m), providing a means of testing combined effects of RDG-PFA predictions and refractive

index property measurements. Then, Eq. (10) was used to estimate p_, in the infrared (after

finding a correlation for F(m)/E(m) in the infrared to be discussed later) so that E(m) could be

found from present measurements of --aQe using Eqs. (8) and (14). Finally, Eq. (10) in conjunction

with values of E(m) and F(m) developed from the measurements, were used to estimate the

potential importance of scattering from soot on the properties of flame radiation.

3.4 Results and Discussion

Scattering Patterns. Typical examples of measured and predicted scattering patterns

(ethylene soot at wavelengths of 351.2-632.8 nm) appear in Fig. 11, see Krishnan et al. [51] Wu

et al. [52] and Koylu and Faeth [65] for other examples. Experimental uncertainties (95%

confidence) of the normalized scattering properties illustrated in Fig. 11, are estimated to be

smaller than 10%, except for the hh component near 90 deg, where small values of this ratio
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Fig. 11. Measured and predicted scattering patterns of soot in ethylene/air flames at wavelengths
in the visible (351.2-632.8 nm). From Krishnan et al. [64].
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make uncertainties somewhat larger. The agreement between measurements and predictions is

excellent with discrepancies smaller than experimental uncertainties. In particular, there is no

deterioration of predictions at small wavelengths where relatively large values of xp create

concerns about the validity of RDG-PFA theory [51]. Similarly, there is no deterioration of

performance at large wavelengths where progressively increasing values of the real and

imaginary parts of the refractive indices of soot with increased wavelength also cause concerns

about the validity of RDG-PFA theory [51]. Similar performance was achieved at other

conditions implying acceptable use of RDG-PFA theory for soot at values of xp as large as 0.46.

This general behavior, involving variations of both wavelength and refractive indices to justify

the use of RDG-PFA theory, agrees with the detailed computational evaluations of Farias et al.

[71] concerning the range of validity of RDG-PFA theory.

Depolarization Ratios. A limitation of RDG-PFA theory is that it provides no estimates
--a

of depolarization ratios that are needed to compute Qr_(0) from Eq. (15). Thus, measurements of

9v were completed so that computations to find 9,, in the near infrared could be undertaken. This

work involved exploiting the available data base of scattering patterns in the literature, using Eq.

(16) to find 9v. Available measurements of 9v are plotted as a function of xp in Fig. 12.

Measurements illustrated in the plot include results from Kl-ishnan et al. [51], Wu et al. [52],

Koylu and Faeth [65,69] and the present investigation. Experimental uncertainties (95%

confidence) of these determinations are somewhat larger than those of --aQvv (0)/Qvav (90 °) due to

the small magnitude of Ov but are still estimated to be smaller than 20%. Results for soot in the

overfire region of buoyant turbulent diffusion flames in the long residence time regimes, due

Krishnan et al. [51], Wu et al. [52], Koylu and Faeth [65] and the present investigation, are

relatively independent of fuel type and are in reasonable agreement with each other, yielding the

following correlation for Pv:

Pv = 0.14Xp (17)

which also is shown on the plot. The standard error of the power of xp in Eq. (17) is 0.1, the

standard error of the coefficient is 0.03, and the correlation coefficient of the fit is 0.83, which is

reasonably good. This is not surprising because relationships between the size of scattering

objects and depolarization ratio have been recognized for some time [70,72], including recent

observations of diStasio [73] of a relationship between primary soot particle diameter and

depolarization ratio analogous to the present findings. In contrast, the measurements for

underfire soot in laminar diffusion flames due to Koylu and Faeth [69] are consistently smaller

(by roughly 35%) than results for the overfire soot, although the variation of pv with Xpis similar.

This behavior suggests that the coefficient of Eq. (17) may be a function of aggregate size

because the underfire soot involved Nin the range 30-80 whereas the overfire soot involved N
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in the range 260-552 (see Table 2 for the latter). Finally, the values of 9v for soot aggregates

illustrated in Fig. 12 are roughly an order of magnitude larger than typical values of 9v for

Rayleigh scattering from gases, see Rudder and Bach [70]; this behavior is consistent with the

much smaller values of xp for gases than for soot.

Refractive Index Functions. Values of F(m)/E(m) and E(m) are needed to find spectral

radiation properties and nonintrusive measurements of soot volume fractions, see Eqs. (10), (12),

(13), and (14). Values of F(m)/E(m) for wavelengths of 350-9000 nm are illustrated in Fig. 13.

Results shown include the ex situ reflectometry measurements of Dalzell and Sarofim [58], Stagg

and Charalampopoulos [59], and Felske et al. [74] and the in situ absorption and scattering

measurements in the visible of Wu et al. [52] and Krishnan et al. [51]. The measurements of

Dalzell and Sarofim [58] are averages of their results for acetylene- and propane-fueled flames.

The measurements of Wu et al. [52] have been adjusted to correct an error in their gravimetric

determinations of soot volume fractions by matching their dimensionless extinction coefficients

to the present measurements at 514.5 nm as discussed by Krishnan et al. [51]. Other

measurements due to Chang and Charalampopoulos [62], Vaglieco et al. [63], Batten [75], Lee

and Tien [76], and have not been included on the plot due to concerns about either experimental

methods or about methods used to interpret measurements as discussed by Krishnan et al. [51].

Finally, two empirical correlations of the measurements are illustrated on the plot: one for the

measurements of Krishnan et al. [51] for wavelengths of 350-650 nm and one for all the

measurements for wavelengths 350-6000 nm.

The measurements of F(m)/E(m) illustrated in Fig. 13 involve various fuels, sources and

methods and are in remarkably good agreement. Exceptions involve the early ex situ

reflectometry measurements of Dalzell and Sarofim [58]; they provide low estimates in the

visible which may be due to the fact that corrections were not made for effects of surface voids

on scattering properties which are important in the visible [74]; and they provide high estimates

in the far infrared at wavelengths larger than 6000 nm where small scattering levels and

corresponding poor signal-to-noise ratios may be a factor. The relatively good agreement among

the measurements at other conditions is no doubt promoted by the fact that F(m)/E(m) involves

ratios of scattering to absorption cross sections which tend to normalize the measurements and

reduce errors compared to measurements of absorption and scattering alone and the fact that

corrections of the ex situ results for effects of surface roughness should be relatively small in the

infrared [74]. Nevertheless, in view of past criticism of the ex situ measurements of Dalzell and

Sarofim [58] and Felske et al. [74] their measured velocity values of F(m)/E(m) in the infrared

clearly merit reconsideration.

The absorption and scattering measurements of Krishnan et al. [51] and the corrected

absorption and scattering measurements of Wu et al. [52], both in the visible, provide complete
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information needed to find IDsa and E(m) in the visible using Eqs. (12) and (13). In addition, Psa

becomes small at the largest wavelengths considered during the present investigation so that

present measured values of --a --aQe--- Qa and E(m) can be found directly from Eq. (12). At

intermediate wavelengths, however, RDG-PFA theory was used to estimate values of Psa SO that
--a

Qa could be found from the extinction measurements and then E(m) from Eq. (12). These

estimates of Psa were obtained using the correlation of F(m)/E(m) illustrated in Fig. 13, the

known structure properties of the present soot and the RDG-PFA results of Eq. (10). Another set

of in situ measurements of E(m) was obtained from the earlier extinction measurements of

Koylu and Faeth [66]: this was done by matching values of E(m) from Krishnan et al. [51] with

these results at 514.5 nm and then using present measurements and estimates of psa in the visible

and infrared to find E(m) from Eq. (12). Finally, the ex situ reflectometry measurements of

Dalzell and Sarofim [58], Stagg and Charalampopoulos [59] and Felske et al. [74] directly

provide values of E(m).

The various determinations of E(m) for wavelengths of 350-9000 nm are illustrated in

Fig. 14. The various in situ measurements of E(m) agree within experimental uncertainties over

the entire wavelength range of the measurements which is encouraging. The in situ and ex situ

measurements of E(m) in the visible agree within experimental uncertainties, with the somewhat

smaller values of E(m) for the ex situ measurements attributed to uncorrected effects of surface

voidage, at least for the measurements of Dalzell and Sarofim [58]. More disconcerting,

however, are the unusually small values of E(m) found from the ex situ reflectometry

measurements of Dalzell and Sarofim [58] and Felske et al. [74] in the infrared at wavelengths of

2000-9000 nm. In particular, it is difficult to see how trends of constant or progressively

decreasing values of E(m) with increasing wavelength could yield the slightly increasing values

of Ke with increasing wavelength in the infrared seen for RDG scattering objects [64]. In

contrast, present values of E(m) expressly yield the trends of K_ illustrated in Ref. 64 due to the

method used to find E(m). Nevertheless, resolving the differences between the in situ and ex situ

determinations of E(m) seen in Fig. 14 merits priority because these differences clearly can have

a large impact on the radiative properties of soot-containing flames which are dominated by

continuum radiation from soot in the infrared.

3.5 Conclusions

The extinction and scattering properties of soot were studied using in situ methods at

wavelengths of 250-5200 nm. Test conditions were limited to soot in the fuel-lean (overfire)

region of buoyant turbulent diffusion flames in the long residence time regime where soot

properties are independent of position and characteristic flame residence time. Flames burning in

still air and fueled with eight liquid and gas hydrocarbon fuels were considered to provide atomic
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Sarofim [58], Stagg and Charalampopoulos [59] and Felske et al. [74]; in situ results of Krishnan
et al. [51], Wu et al. [52], Koylu and Faeth [69] and Krishnan et al. [64]. From Krishnan et al.
[64].
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H/C ratios in the range 1.00-2.28. RDG-PFA theory was used to interpret the measurements

based on successful evaluation of this theory over the test range (values of Xp up to 0.46). The

major conclusions of the study are as follows:

. Present in situ measurements of the ratios of the scattering/absorption refractive index

function, F(m)/E(m), were independent of fuel type and were in good agreement with earlier

ex situ measurements in the literature. Present in situ measurements of the refractive index

function for absorption, E(m), were also independent of fuel type and were in good

agreement with earlier in situ measurements but were somewhat larger than earlier ex situ

reflectometry measurements in the infrared.

. Measured depolarization ratios yielded a somewhat scattered but simple correlation in terms

of the primary particle size parameter alone in terms of the primary particle size parameter

alone as suggested in recent work of diStasio [73]. Given a correlation along these lines, the

methodology needed to compute scattering properties according to RDG-PFA theory would

be completed and a simple nonintrusive diagnostic would be feasible. Effects of aggregate

size on this correlation were observed, however, and merit further study in the future before

these methods can be reliably used.

Other conclusions of this phase of the investigation are discussed in Krishnan et al. [64].

Extending these conclusions to other types of soot should be approached with caution. In

particular, the present soot has been exposed to oxidation in flame environments and involves

relatively large soot aggregates due to large characteristic flame residence times; thus, such soot

may not be representative of unoxidized and weakly aggregated soot typical of fuel-rich soot

growth regions.
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